The aim of presented study is to compare parameters of oxidative stress in untrained volunteers, patients with chronic, non-motor related disease (dialysis patients) and professional athletes before and after exhaustive exercise. 40 subjects participated in the study: 14 healthy, untrained subjects, 12 hemodialysis patients and 14 professional rowers. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and non-transferrin bound iron (NTBI) were determined before and after exercise. Dialysis patients have increased oxidative stress at rest with highest NTBI, and show adaptation with increased values of GPx and decreased SOD. Professional athletes have low level of oxidative stress at basic circumstances with lowest NTBI, SOD, CAT and GPx as compared to untrained volunteers and dialysis patients. After strenuous exercise elevation of antioxidative enzymes is observed only in athletes, but not in untrained and dialysis patients. Due to limited antioxidative capacity, extreme physical effort is probably not recommended to dialysis patients and untrained people.
INTRODUCTION
There is a delicate equilibrium between the antioxidant defense system and free radicals in all living organisms, including humans. The breaking of this balance, frequently named oxidative stress, may induce cellular damage. Reactive oxygen species (ROS) is an abbreviation for a group of reactive molecules and free radicals extracted from molecular oxygen, such as superoxide anion (O 2 ·ˉ) and hydrogen peroxide (H 2 O 2 ). Normally, there are endogenous antioxidants present in organism. These are the enzymes catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx), which neutralize ROS [1, 2] . On the other hand, non-transferrin bound iron (NTBI) serves as indicator of oxidative stress. It is a powerful Open Access Natural Science promotor of free radical damage and highly toxic to biological systems, resulting in oxidative damage to proteins, lipids and DNA [3] .
The role of oxidative stress has been postulated in many diseases and pathologic conditions, including atherosclerosis, inflammatory conditions, certain cancers, the process of aging, as well as end stage kidney disease [1, 4] . There is good evidence indicating that uremia in general is associated with enhanced oxidative stress, and the treatment of uremic patients with hemodialysis has been suggested as particularly contributing to oxidative stress and reduced antioxidant levels in these patients [4, 5] . On the other "extreme" end, elite sports engagement is also a potentially strong stimulus of oxidative stress that leads to the large recruitment of antioxidative defense [6] .
Average physical capabilities of hemodialysis patients worldwide, as well as in our dialysis units, are low [7, 8] . Although exercise was shown to have pleiotropic beneficial therapeutic potential in patients with chronic kidney diseases [8] [9] [10] [11] , it has been postulated that intensive physical training generates free radicals resulting in possible additional cell damage [12] [13] [14] [15] . The oxidative stress in hemodialysis patients has been extensively studied [4] , however, there is still no consensus about the proper level of physical activity regarding additional expenditure of antioxidative "machinery" to be beneficial and therefore safely recommended to this specific population.
The aim of our study was to compare the antioxidant status of healthy individuals, patients with end-stage kidney failure, and professional athletes (rowers) before and after exercise, in this way confronting the averagely trained population with people supposed to have very decreased (hemodialysis patients) and increased (rowers) antioxidant capacity.
MATERIALS AND METHODS

Subjects
40 subjects participated in the study, including 12 patients with end-stage kidney disease (treated with hemodialysis), 14 healthy subjects, and 14 elite rowers. The study protocol was approved by the National Ethics Board. The experiments in this study were explained to all participants and, before obtaining human materials, informed consent was obtained from the subjects.
There were ten males and two females in the group of dialysis patients. The age of patients ranged 20 -50 years, average 35 years. Exclusion criteria in hemodialysis patients were the next: concomitant comorbidities, including ischemic cardiac disease, acute illness (febrile state, infection), high blood pressure, hypertrophy of left ventricle, malignant disease, severe anemia, autoimmune disease, immunosuppressive treatment. The patients had regularly been on renal replacement therapy with hemodialysis, three times per week, for on average nine years dialysis vintage. A blood analysis was taken in the morning, in hemodialysis patients on the day without dialysis procedure.
The group of volunteers was comprised of 14 healthy subjects, seven women and seven male, average 25 years old. Excluding criteria for control group were the following: chronic illness, medicine therapy, professional sport activity, pregnancy, anemia and higher body mass index than thirty.
Slovenia's national rowing team is comprised of 14 elite rowers (all males) who regularly compete in world championships and the Olympic Games. The age of rowers was between 19 and 35 years, average 22 years.
Methods
Blood samples were taken in the morning for the rest measurements and five minutes after each exercise procedure. Blood data analyses were made in Institute of Clinical Chemistry and Biochemistry, University Medical Centre Ljubljana. Venous blood samples were obtained from participants of the study into vacutainer tubes two days before exercise, when no exercise had been performed in the previous twenty-four hours and right after intensive exercise. GPx, CAT and SOD in erythrocytes were measured using the Randox reagent kit (Randox Laboratories, Crumlin, UK) by a Hitachi Modular biochemical analyzer (Roche Diagnostics, Mannheim, Germany). A Carry 4E atomic absorption spectrometer (Varian, Inc.) was used for plasma selenium (Se) determination [16] . Non transferrin bound iron (NTBI) was measured co-Natural Science lorimetrically in the ultrafiltrate using Hitachi Modular Analyzer (Roche Diagnostics) according to the FerroZine assay method [17] .
Exercise Protocol
Exercise stress test was made in Diagnostic Exercise Laboratory, Faculty of Sport, University of Ljubljana in 2018. Classical progressive cycle ergometer protocol for detection of ischemic cardiac disease was employed. Healthy volunteers were loaded with starting exercise intensity of fifty Watts for three minutes, which was progressively increased for fifty Watts at every further step with three minutes duration until exhaustion. Exercise procedure for hemodialysis patients was adapted to patient physical capability. They started on intensity of thirty Watts and progress intensity every three minutes for thirty Watts until exhaustion.
Rowers exercised for nine minutes using a rowing cycle ergometer. The first three minutes the rowers exercised at anaerobic threshold intensity, in the next three minutes intensity was increased and during the last three minutes maximum intensity was reached. At the end rowers should generally achieve maximum heart rates.
The data were analyzed using standard statistical methods and the Mann-Whitney test was used for comparison between the groups; p < 0.05 was considered significant. Statistical analyses were performed using a statistical software package Statgraphics centurion XVII.
RESULTS
The results of basic characteristics of study groups and observed biochemistry parameters (glucose, phosphate, urate) are presented in Figure 1 and Table 1 , respectively.
Significant decrease of glucose concentration after strenuous exercise was observed in healthy volunteers, and the opposite in rowers (p < 0.01). There were no significant changes in urate concentrations before and after exercise in all groups. The concentration of phosphate increased significantly after exercise in the groups of healthy and rowers (p < 0.01), showing no significant changes in the group of dialysis patients.
In healthy volunteers the activities of GPx (0.86 ± 0.15 vs 0.89 ± 0.18; p = 0.52), concentrations of Se (65.07 ± 10.16 vs 72.14 ± 11.13; p = 0.09) and NTBI (1.33 ± 0.93 vs 1.71 ± 1.16; p = 0.34) increased, while the activity of SOD decreased (19.38 ± 3.91 vs 18.67 ± 4.23; p = 0.64) after strenuous exercise, although statistical significance was not reached in either case. In hemodialysis patients the concentration of Se (56.0 ± 10.63 vs 61.08 ± 11.38; p = 0.27) and NTBI (1.5 ± 0.67 vs 1.82 ± 0.91; p = 0.33) increased, while the activities of GPx (1.05 ± 0.23 vs 1.03 ± 0.23; p = 0.83) and SOD (14.63 ± 2.66 vs 14.28 ± 2.36; p = 0.73) decreased after strenuous exercise, the differences were not statistically significant.
Except from higher level of basic GPx activity (0.86 ± 0.15 vs 1.05 ± 0.23; p = 0.01) there were no marked differences in activities of other observed pertinent of oxidative stress in healthy volunteers' vs hemodialysis patients before or after exercise. Values of CAT were the highest in dialysis patients at rest and the lowest at rowers ( Table 2) . CAT values increase significantly at rowers after exercise in comparison to healthy and patients.
In basic circumstances rowers had much higher concentrations of Se (106.1 ± 17.8 μg/l vs 65.07 ± 10.16 μg/l; p < 0,001) and lower levels of both NTBI (0.56 ± 0.38 vs 1.33 ± 0.93; p < 0.009) and SOD activity (19.38 ± 3.91 vs 14.09 ± 0.92; p < 0.001) as compared to healthy volunteers, with no significant difference in activity of GPx (0.86 ± 0.15 vs 0.76 ± 0.16; p = 0.09).
After the exercise protocol drop of SOD activity (14.09 ± 0.92 vs 13.55 ± 0.66; p = 0.08), significant increase in NTBI (0.57 ± 0.35 vs 3.58 ± 2.52; p < 0.001) and increase in Se (106.1 ± 17.8 vs 122.36 ± 18.1; p = 0.02) were detected in rowers. There was no difference in the activity of GPx before vs after exercise in rowers (0.76 ± 0.16 vs 0.74 ± 0.17; p = 0.75). Values of Se after exercise were significantly higher in rowers (122.36 ± 18 μg/l and 72.14 ± 11.1 μg/l; p < 0.001) compared to healthy volunteers.
DISCUSSION
Our study investigated and compared the response of acute exhaustive, aerobic physical exercise on oxidative stress damage in hemodialysis patients in comparison to the response in healthy, untrained volunteers and professional athletes (rowers).
The results of this study show that dialysis patients when compared to healthy, albeit untrained people, have increased oxidative stress at rest with highest NTBI, and show adaptation with increased basic values of GPx and moderately decreased SOD. Contrary, professional athletes have low level of oxidative stress at basic circumstances with lowest concentrations of NTBI, SOD, CAT and GPx as compared to untrained volunteers and dialysis patients. According to highest NTBI after exercise (and highest level of exercise intensity), athletes reach highest level of oxidative stress after strenuous workout, which does not deplete their antioxidative machinery as observed with almost unremarkable changes in SOD and GPx and significant elevation of CAT. Elevation of antioxidative enzymes after strenuous exercise was not observed in untrained and dialysis patients. There is much evidence to show that low intensity exercise training enables improved physical performance and functioning among patients with end stage kidney disease on dialysis treatment [12] . The majority of physical exercise trials performed so far tested low to moderate intensity interventions performed during the hemodialysis session and consisted either of aerobic exercise (cycling) or resistance training of some muscular groups against elastic bands, or a combination thereof [8] [9] [10] [17] [18] [19] . On the other hand, there are no data on effects of strenuous exercise in dialysis patients, especially in the context of known contribution of hemodialysis on increased oxidative stress [4, 17, 18] . Dialysis is associated with a deterioration of physical function and mental status (6, 7, 16 -19) . Muscle function [19] and exercise capacity [20] are significantly lower in hemodialysis patients, presenting a peak oxygen consumption that is considerably lower (less than 50%) compared to their healthy sedentary peers.
Antioxidant enzymes like SOD are present in the erythrocytes of all mammals and represent the first defensive role against ROS [1, 2] . SOD catalyzes dismutation of the superoxide radicals with hydrogen peroxide (H 2 O 2 ) formation, which is severely cytotoxic, and is further neutralized by CAT or GPx. With its high affinity and low capacity, GPx acts especially important part at low physiological fluxes of H 2 O 2 . The significantly higher activity of GPx in basic circumstances with low SOD activity is most probably the physiologic answer to high H 2 O 2 in presence of constantly high NTBI in dialysis patients. The highest NTBI concentration in dialysis patient group is the consequence of the extremely high ferritin concentration levels (not shown) in this group and is at least partly the effect of iron supplementation provided to the patients routinely receiving ferric saccharate. Similar constellation of oxidative enzymes and NTBI were already described by us and others and indicate adaptation to chronic oxidative stress in end-stage renal diseases [6, 13, 17, 18] . The values of Se, a constitutional part of GPx, are significantly lower in patients as compared to untrained individuals and rowers and are in accordance with so far published results in patients with end stage kidney disease [21] . Higher values in rowers could be associated with extensive (or even excessive) Se and vitamin supplementation that is often provided to professional sportsmen. The observation of significant increase in the blood phosphate concentration in rowers after strenuous exercise is most probably the reflection of maximal intensity level of workout reached in this group associated with extensive consumption of ATP. When one molecule of ATP is used in the muscle contraction process, it is hydrolyzed to ADP, adenosine diphosphate, and an inorganic phosphate. However, higher glucose concentrations in rowers after strenuous exercise remain unexplained.
In our study the exhaustive physical exercise was unable to increase plasma antioxidant enzymes levels in healthy volunteers and hemodialysis patients. In the same time plasma NTBI and CAT concentration were significantly increased after acute physical exercise in professional athletes. These data suggest that intense interdialytic aerobic exercise was unable to increase the circulating concentration of antioxidative enzymes in hemodialysis, as well as in healthy, untrained volunteers. This observation likely indicates absence of adaptation to oxidative stress provoked by acute, strenuous aerobic exercise. Contrary, regular physical training seems to reduce the oxidative stress associated with exercise, such that trained athletes show less evidence of oxidative stress for given bout of exercise and an enhanced defense system in relation to untrained subjects, which was already observed by other authors as well [13, 17, 18] .
At present, mild to moderate intensity physical exercise is recommended for healthy untrained people and hemodialysis patients due to their numerous chronic beneficial effects, which include increased aerobic capacity, muscle strength, production of antioxidants, control of blood pressure and decreased fatigue [8] [9] [10] . The eventual benefits of exhaustive trainings in dialysis population are for now, unknown. Natural Science
In accordance with our results, it is possible that acute exhaustive exercise could have detrimental effects in the short term, such as increased oxidative stress and decreased production of antioxidant enzymes. The question whether this could lead to aggravation of clinical condition of dialysis patients or have noxious effects on healthy, untrained persons remains to be answered.
CONCLUSIONS
According to this study analysis, patients show comparable oxidative stress response to acute, strenuous exercise as healthy, otherwise untrained persons. In comparison with patients and untrained individuals, professional athletes show changes probably associated with adaptation to strenuous exercise.
Acute strenuous exercise might be related to increased oxidative stress consequences in diseased or untrained people due to lack of adaptive mechanisms and should not be recommended until results of further studies are obtained.
